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Study of the mask shape effect on the spatial distribution

of GaAs layer growth rate in MOCVD selective area epitaxy
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Within a numerical model of gas-phase diffusion, the influence of the shape (square, circle, rhomb) and size

(from 2 to 10µm) of masks on the spatial distribution of the GaAs layer growth rate in metal-organic chemical

vapor deposition selective area epitaxy has been studied. It was found that the Growth Rate Enhancement (GRE)
changes non-uniformly around the periphery of square-shaped mask windows: it is minimal at the center of the

square’s side and increases towards the vertices, with the maximum difference reaching 2.4%. Reducing the GRE

difference for a square window can be achieved by using a rhomb-shaped mask. The use of masks with circular

windows ensures a minimal difference in GRE between the center and the edge with the growth rate uniform

around the entire periphery. It is shown that the smallest difference in GRE between the window center and the

edge can be observed with minimum mask-window widths and is 0.328% for a circular window.
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1. Introduction

Currently we see an active development of photonic

integrated circuits requiring monolithic integration of active

elements such as lasers, modulators, waveguides, and

photodetectors [1–6]. Selective epitaxy can be one of

the effective solutions to this problem [7,8]. Selective

epitaxy is a controlled spatially localized epitaxial growing

of a structure with the necessary parameters, combining

the advantages of epitaxial growth and lithography. The

principle of selective epitaxy is based on the creation of

a pattern on a pre-prepared substrate consisting of open

windows where the material is deposited and areas covered

with a dielectric mask (for example, SiO2), where, the mate-

rial is not deposited under certain technological parameters

(for example, reactor pressure and growth temperature) [9].
Selective growth consists of three processes. The particles

of the substance that reach the window area undergo a

pyrolysis reaction and participate in the growth of the

epitaxial layer. The particles of the substance reaching the

mask can either be adsorbed onto the surface of the mask

and migrate to the window area due to surface diffusion, or

desorbed from the surface of the mask in a short time. The

desorbed particles return to the gas phase and, due to the

resulting concentration gradient between the mask and the

window, will diffuse in the gas phase towards the window.

The selective growth process is determined by the total

contribution of diffusion processes over the mask surface

and diffusion in the gas phase [3]. These processes result in

an increase in the growth rate relative to the growth rate of

standard epitaxy on a planar surface without masks. At the

same time, for the layers obtained by selective epitaxy, an

inhomogeneous distribution of thickness and composition

(in the case of triple or quadruple solid solutions) is formed

over the area of the window [10,11]. Therefore, predicting

the parameters of the layers obtained by selective epitaxy

is an important task. The vapor phase diffusion model is

used to predict the properties of layers obtained by selective

epitaxy using the MOC hydride epitaxy technology [7,12].
This model is mainly used for endless strips with a window

width from units to hundreds of micrometers [10,13,14],
as well as square windows with a width of hundreds of

micrometers [15]. Moreover, the diffusion in the vapour-

phase is the dominant process for the method of MOC

hydride epitaxy. This is due to the fact that the diffusion

length in the gas phase reaches 100 micrometers, which is

significantly longer than the surface diffusion length, which

is units of micrometers [16,17]. Surface diffusion through

the mask can contribute at mask widths commensurate

with the length of the surface diffusion, i. e. units of

micrometers. To account for it, the model must be

supplemented with parameters, the value of which must be

determined from experiments. Currently, such experimental

parameters are not available. This article uses a model that

was previously verified to describe growth during selective

epitaxy in wide windows and demonstrated a fairly good

agreement between the calculated results and experimental

data [10].
This paper studied the distribution of the thickness of the

GaAs layer in square and round windows with a width of 2

to 10µm, limited by a mask with a width of 2 to 10 µm.

The task was to identify patterns of thickness profile changes

in order to obtain a minimum layer thickness difference

between the center and the edge of the window. The

smallest change in the profile of the layer thickness along

the width of the window should make it possible to further
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Figure 1. Schematic representation for a 3D model of vapour-

phase diffusion, where k is the surface reaction constant; D is the

diffusion coefficient of the precursor.
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Figure 2. Configuration of the elements for calculating GRE: a — windows and masks in the form of a circle; b — windows and masks

in the form of a square; c — windows in the form of a square and masks in the form of a diamond (a square rotated by 45◦).

coordinate various elements of photonic integrated circuits

with waveguides, as well as create the most favorable

conditions for the growth of homogeneous active regions

based on stressed quantum wells.

2. Vapour-phase diffusion model

The process of selective epitaxy, implemented within the

framework of the technology of hydride epitaxy, can be

described using the model of vapour-phase diffusion [18].
The model is based on the calculation of the concentration

profile of matter particles in the gas phase above the

substrate surface. The 3D distribution profile of the

concentration of matter particles above the substrate is
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Figure 3. GRE calculation results with parameters W0 and Wm equal to 10 µm for: a — windows and masks in the form of a circle;

b — windows and masks in square-shaped windows; c — square-shaped windows and diamond-shaped masks.

determined by solving the Laplace equation in the boundary

layer:

∂2N

∂x2
+

∂2N

∂y2
+

∂2N

∂z 2
= 0, (1)

where N is the precursor concentration, x is the coordinate

in the direction across the window, y is the coordinate in

the direction along the window, z is the coordinate in the

direction perpendicular to the plane of growth.

Figure 1 shows a diagram explaining the boundary

conditions for calculating the selective epitaxy process

within the framework of the vapour-phase diffusion model.

The boundary conditions at the edges of the window and

the boundary layer can be written as follows (Figure 1):

− there is no growth on the surface of the mask:

∂N

∂z

∣

∣

∣

z=0
= 0; (2)

− the concentration of the precursor within the boundary

layer does not change laterally:

∂N

∂x

∣

∣

∣

z=0
= 0; (3)

− the upper part of the boundary layer is located at

a sufficiently large distance from the substrate to avoid

disturbances introduced by the mask:

N(M) = N0, (4)

where N0 is the concentration of the precursor at the upper

boundary of the boundary layer, which is constant;

− the growth process on an area without a mask is defined

by the expression:

∂N

∂z

∣

∣

∣

z=0
=

k

D
N

∣

∣

∣

z=0
. (5)

The precursor concentration profile is determined by the

parameter D/k , which can be considered as the effective
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Figure 4. Change map of 1GRE in the window depending on Wm and W0 : a — round window (section And in Figure 2, a); b and c —
square window (sections B and C on Figure 2, b).

diffusion length. D/k can be estimated either by theoretical

calculation [18], or by fitting an experimental result.

The concept of the growth rate enhancement (GRE) is

used to estimate the growth rate profile of the layer grown

in the mask window. GRE characterizes how the growth

rate of a layer changes during selective epitaxy relative to

the growth rate when deposited on a substrate without a

mask. GRE is calculated according to the formula

GRE =
H

Hp

=
V

Vp

=
N

N0

(

1 +
M

D/k

)

, (6)

where H and Hp is the thickness of the selectively grown

layer and the standard grown layer, respectively; V and Vp is

the speed of the selectively grown layer and the standard

grown layer, respectively.

3. Modeling and discussion
of the results

The modeling was performed for a group of separately

round or square shaped elements bounded by a mask. The

shape of the elements and masks is shown in Figure 2. The

value L (the distance between adjacent figures) was taken

to be 500 µm in the calculations in order to exclude the

influence of the elements on each other. To analyze the

effect of mask sizes, the values W0 (window width) and Wm

(mask width) were 2, 5 and 10µm, the value D/k = 85 µm

for Ga [10].

The height of the boundary layer M was selected from the

simulation results of the effect of the boundary layer height

on GRE [10]. Thus, with an increase in the thickness of the

boundary layer, there is a strong decrease in the effect of

height on the maximum GRE. With a thickness of M greater

than 1500 µm, the GRE does not change for masks 2/2, 5/5

and 10/10 µm.

Figure 3 shows the results of GRE calculations in round

and square windows for GaAs. The figure shows that

the minimum GRE value is at the center of the window,

and as you approach the window/mask boundary, the GRE

value increases. At the same time, for round windows

(Figure 3, a), GRE is the same along the entire perimeter

of the window. For a square window (Figure 3, b), the
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GRE along the perimeter of the window varies from the

minimum value in the center of the side of the square to

the maximum value at the top of the square. And for

a square window, the maximum GRE value is reached in

the local areas corresponding to the vertices of the square.

Thus, when forming stressed layers in a square window,

the limiting factor is the GRE value at the vertices at the

window/mask boundary.

To select the optimal ratio of W0 and Wm, we analyzed the

GRE variation between the window center and the window

edge:

1GRE =
∣

∣

∣

GRE0 − GRE1

GRE0

∣

∣

∣
100%, (7)

where GRE0, GRE1 are the GRE values are in the center

and at the edge of the window, respectively.

The most preferred option is when the GRE change

between the center and the edge of the window is minimal.

Figure 4 shows the 1GRE change maps for round and

square windows at different values W0 and Wm. It can

be seen from the maps that at a fixed value of Wm, the

value of 1GRE increases with increasing W0. It can also

be seen from the obtained maps that at a fixed value of

W0, the value of 1GRE increases with increasing Wm. At

the same time, 1GRE has a stronger variation from Wm

for larger windows (W0). Thus, it is possible to conclude

that the smallest change in 1GRE occurs at the minimum

values of W0 and Wm. When comparing windows of different

shapes, it can be seen that in a round window (Figure 4, a)
1GRE is less than 1GRE for a square window (Figure 4, c)
between the center of the window and the vertex on the

window/mask border. Therefore, from the point of view of

obtaining more homogeneous layers, it is necessary to use

a window and a mask in the form of a circle.

It can be seen from Figure 3, b and c that with the

same window shape, the difference between the values

of 1GRE depends on the shape of the mask. So, for a

diamond-shaped mask (Figure 3, c), the difference between

DeltaGRE in sections D and E (Figure 2, c) is less

than the difference between 1GRE in sections B and C

(Figure 2, b) for a square mask (Figure 3, b). Thus, it can

be concluded that when using a square-shaped window, the

most preferable option is a diamond-shaped mask, i. e. a

square rotated by 45◦ relative to the window.

4. Conclusion

The calculations performed within the framework of the

vapour-phase diffusion model have shown that windows

with a mask in the form of a circle are optimal compared

to square windows and a mask, since the GRE change in

such windows is minimal and uniform around the entire

perimeter of the window, while for a square window

the GRE changes along the perimeter inhomogeneously:

minimally in the center of the side of the square and

increases as you move towards the vertices of the square.

It is also shown that the smallest GRE change between the

window center and the edge is observed at the minimum

values of window widths and masks.
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